Leaf extracts of both Nicotiaia tabacam and Nicotiana sylvestris contain multiple forms of catalase (H202:H202 oxidoreductase, EC 1.11.1.6) which are separable at different pH values by chromatofocusing columns. Marked changes in distribution of these catahases occur during seedling development and leaf maturation. The form of catalase eluting first (peak 1) was predominant during early seedling growth and present at all stages of development. Two more acidic forms (peaks 2 and 3) appeared later and comprised 29% of the total activity by 11 days postgermination. Mature leaves of N. tabacum contained peak 1 catalase, but peaks 2 and 3 represented 62% of the total activity. No interconversion of peaks 1, 2, and 3 was detected. The three forms of catahse differed in thermal stability with peak 1 > peak 2 >> peak 3. For N.
tiaa species the ratio peroxidatic/catalatic activity is at least 30-fold higher in peak 3 than in peaks 1 and 2. Chromatofocusing of extracts from spinach leaves separted at least four peaks of catalase activity, one of which had a 10-fold higher ratio of peroxidatic/catalatic activity than the others. Short-term growth (5 days) of tobacco seedlin under atmospheric conditions suppressing photorespiration (1% C02/21% 02) reduced total catlase activity and caused a decline in peak 1 cataiase and a substantial increase in the activity of peaks 2 and 3 relative to airgrown seedlings at the same stage.
Catalase (H202:H202 oxidoreductase, EC 1.1 1.1.6) represents one$ofthe primary enzymatic mechanisms employed by aerobic organisms to decompose hydrogen peroxide (H202), a toxic intermediate of oxygen metabolism. Catalase is particularly abundant in the glyoxysomes ofgerminating seedlings (1) , where it destroys H202 generated by flavin oxidation, and in the peroxisomes of green leaves (26) , where it destroys H202 arising from the oxidation of photorespiratory glycolate (30) .
Although leaves of Phaseolus vulgaris (2) and Lens culinaris (24) appear to possess only one catalase, multiple forms of leaf catalase have been observed in a number of C3 plants. Complex electrophoretic patterns have been observed in Spinacia oleracea, where true leaves possess five forms ofcatalase (8) , and in Sinapis alba where 12 distinct catalase forms were found in the cotyledons and true leaves (6) . Heterogeneity of catalase has also been observed in the cotyledon leaves of Gossypium hirsutum (16) , where dark grown seedlings contain five electrophoretic variants, all located in the glyoxysomes. The electrophoretic pattern was unaltered when extracts were prepared under conditions designed to prevent proteolysis, indicating that catalase heterogeneity in cotton is not an artifact of homogenization and separation. Such observations are particularly important since mammalian liver catalase is sensitive to proteolytic cleavage during extraction, and the truncated form displays altered electrophoretic mobility and retains catalytic activity (19) .
Although multiple forms of leaf catalase have been identified on the basis of electrophoretic mobility, there has been little further characterization of these enzymes. Maize represents the only plant system in which three genetically distinct catalase proteins have been purified to homogeneity and characterized biochemically (23) . Two forms displaying cell-type specificity in the leaf (27) were shown to be antigenically distinct, and exhibited differences in thermal stability and sensitivity to various inhibitors (4) .
In addition to catalyzing the direct decomposition of H202, mammalian catalase can utilize H202 for the peroxidatic oxidation of various organic substrates, including short-chain alcohols such as methanol and ethanol (13) . Although certain phenolic compounds are oxidized by both catalase and peroxidase, peroxidatic oxidation ofalcohols is specific to catalase (14) . Bacterial catalase also exhibits peroxidatic activity, and was initially considered similar to the mammalian enzyme in regard to substrate specificity (3) . Later work with Escherichia coli, however, demonstrated the existence of two catalases displaying different peroxidatic activities (5) . Similarly, various species of Mycobacterium produce two types of catalase which differ-in peroxidatic activity (28, 29) . Although plant catalases are also known to possess a peroxidatic function (7, 9, 17) , there has been no attempt to distinguish multiple forms of the enzyme according to peroxidatic versus catalatic activity.
We have undertaken a detailed characterization ofleafcatalase in several C3 plants, with particular emphasis on Nicotiana, where we identified different forms of the enzyme which appear at specific stages of seedling development and undergo marked changes in distribution during leaf maturation. We (18) . The peroxidatic activity of catalase was assayed by the oxidation of ethanol to acetaldehyde utilizing H202 continuously generated by glucose oxidation (21) . The procedure for acetaldehyde determination was based on the method of Sawicki et al. (22) . The reaction mixture (total volume, 0.65 ml) consisted of HEPES (pH 7.0, 12.5 ,umol), glucose (1 1.5 gmol), glucose oxidase (2.0 ,ug) , and sufficient enzyme to produce 10 to 40 nmol acetaldehyde per sample (0.15 ml) in 15 min. The control contained all the components except enzyme. The reaction was initiated by adding 0.02 ml 95% ethanol. Immediately after the removal of samples to test tubes at 0, 15, and 30 min, 0.15 ml of 0.8% 3-methyl-2-benzothiazolone hydrazone (Sigma Chemical Co.) was added and the tubes placed in a boiling water bath for 3 min. The samples were then quickly cooled to room temperature in a water bath before the addition of0.75 ml 0.12% FeCl3*6 H20. After 5 min, 2.0 ml of acetone was added and the sample mixed. Color was fully developed in 10 min and was stable for at least 90 min further. The absorbancy was determined at 635 nm. The colorimetric reaction is linear up to 90 to 100 nmol acetaldehyde but to obtain reproducible results, the timing schedule must be followed closely. Preliminary tests were performed to determine saturating amounts of glucose oxidase and ethanol (21) (11) . SGAT' and GGAT were assayed as described previously (10) .
Growth of Seedlings and Preparation of Extracts from Seedlings and Mature Leaves. Seeds of Nicotiana sylvestris and Nicotiana tabacum were germinated under continuous illumination (80 uE m-2 s-') at 27°C in closed plastic boxes on cheesecloth squares on vermiculite saturated with R medium (12) , modified to contain no sucrose, and KNO3 and NH4NO3 at 250 mg L'. After emergence of the root radical, the lids were set ajar to ensure adequate aeration, and fresh R medium was added as needed. Under these conditions, radicals emerge on d 3, cotyledon leaves on d 5, and the first true leaf on d 7.
At 3 and 5 d postgermination, whole seedlings were collected for extraction. At intervals beyond this point (8-21 d) , the root system was detached prior to preparation of the extracts. In all cases, extracts were prepared by grinding 2.0 g of material in 10 ml K-phosphate (0.05 M, pH 7.5) containing 7.5 mg of DTT. The suspension was centrifuged at 27,000 g for 15 min, and the supernatant was decanted and assayed for enzymatic activity.
Mature leaves ( about 8 x 18 cm) were cut from greenhousegrown plants of N. sylvestris or N. tabacum, rinsed with distilled water, and the base of the leaf placed in a beaker of water for at least 15 min. Leaf tissue with the midvein removed (1.5 g) was ground in a glass homogenizer with 10 ml cold K-phosphate buffer (0.05 M, pH 7.5) containing 10 mg ofDTT. The suspension was centrifuged at 27,000 g for 15 min, and the clear supernatant was decanted and assayed for enzymic activity.
Barley seeds were germinated in closed crystallizing dishes (90 x 50 mm) in vermiculite saturated with one-half strength Hoagland solution. After emergence of the coleoptile, the dishes were uncovered and maintained under continuous illumination (80 gE m-2 s-') at 27C. At 4 d postgermination, leaves (2.0 g) were 'Abbreviations: SGAT, serine:glyoxylate aminotransferase; GOAT, glutamate:glyoxylate aminotransferase.
excised and ground in a chilled mortar with sand in 10 ml cold K-phosphate (0.05 M, pH 7.0) containing 7.5 mg DTT. The suspension was filtered through cheesecloth prior to centrifugation and assayed according to procedures described for tobacco.
Effects of Co2-enrichment on catalase levels in N. sylvestris were examined in seedlings grown on the modified R medium solidified with agar (0.8%) in Petri plates (100 x 15 mm) under continuous illumination (80 ,uE m-2 s-') at 27C. After emergence of the cotyledon leaves (5 d), the plates (lids removed) were transferred to Plexiglas chambers (31 L), flushed (100 ml/ min) with a humidified stream of normal air, (0.04% C02/2 1% 02) or high C02 (1% C02/2 1% 02). After 5 d in their respective atmospheres (10 d postgermination), the seedlings were harvested and assayed as described.
Separation of Catalase Activities by Chromatofocusing. A Sephadex G-25 column (2.5 x 7.0 cm) was equilibrated with one of three starting buffers: 25 mm ethanolamine-acetate (pH 9.4) (for elution from pH 9-6); 25 mm Tris-HCl (pH 8.3) (for elution from pH 8-5); or 25 mM imidazole-HCl (pH 7.4) (for elution form pH 7-4). After equilibration, extracts of seedlings or leaves (9.0 ml) were added to the column and eluted with the starting buffer. Fractions (5 ml) of eluate were collected and those fractions containing enzyme activity were combined. Recoveries were at least 95% and frequently higher, probably due to the removal of inhibitors in the extracts. The equilibrated extract eluted from the Sephadex G-25 column was added to a column (1.2 x 12.5 cm) prepared from Polybuffer Exchanger 94 and equilibrated with the appropriate starting buffer according to the directions supplied by the manufacturer (Pharmacia). Elution was carried out with a pH gradient developed by use of the appropriate eluant (Polybuffer 96 or Polybuffer 96 plus Polybuffer 74 adjusted to the desired end point). Fractions (about 3.5 ml each) were collected, the volume and pH measured, and samples assayed for catalase activity, and in some experiments for SGAT and GGAT activity. To minimize the formation of artifacts such as those caused by 'ageing' of the enzyme (20) , the procedure of extraction, equilibration, chromatofocusing, and enzyme assay was performed as rapidly as possible and completed in 1 d.
Chemicals and Enzymes. DTT, horseradish peroxidase, liver catalase, and glucose oxidase were from Sigma Chemical Co.
RESULTS
Catalase Activity during Seedling Development. Total catalase activity (units mg-' protein) was measured in seedlings of Nicotiana tabacum and Nicotiana sylvestris at various intervals between 3 and 21 d postgermination (Fig. 1) . The time course for appearance of catalase was similar in both species, with a peak of activity around 5 d. This was followed by a decline to a level that remained constant from about 10 d to matulrity. The similarity in catalase activity between these species appeared surprising in view of the difference in ploidy levels (N. tabacum, 2n = 4x = 48; N. sylvestris, 2n = 2x = 24) and presumably in the number ofcatalase genes per cell. However, N. tabacum seedlings possessed higher levels of catalase than N. sylvestris seedlings on a fresh weight basis (2721 versus 1738 units g-' fresh weight, respectively, as well as higher levels of total protein (10.1 versus 7.2 mg g-' fresh weight, respectively).
Separation of Leaf Catalase Activities on Chromatofocusing Columns. The elution profile of catalase activity in extracts of 8, 15 , and 21 d old seedlings of N. sylvestris (Fig. 2) shows that the enzyme exists in multiple forms which appear at specific stages of seedling development. Catalase eluting at 10 to 20 ml (peak 1) was present at all stages of development. Although this was the predominant form at 8 d, a second form appeared at 15 d (35-65 ml; peak 2), followed by a third form at 21 d (65-90 ml; peak 3).
The catalase profile from mature leaves of N. sylvestris is shown in Figure 2C (dashed line). The 1, 2, and 3 (Fig. 3A) . The location of SGAT and GGAT are shown to provide reference or marker proteins for peaks 2 and 3 catalase. In mature leaves peaks 2 and 3 comprise about 62% ofthe total activity. The recovery ofcatalase activity upoi chromatofocusing extracts of mature leaves of N. tabacum was greater than 80%.
In order to determine whether these forms of catalase are in equilibrium, fractions (designated peaks 1, 2, and 3) were collected and reapplied separately to chromatofocusing columns. When peak 1 fractions were rechromatofocused at a higher starting pH, the resulting profile indicated the presence of one major form and several minor ones, but there was no evidence of conversion of peak 1 to 2 or 3 (Fig. 3B) . Similarly, when pooled fractions representing peaks 2 and 3 were rechromatofocused, there was no interconversion and the relationship of the positions of peak 2 with SGAT and peak 3 with GGAT were maintained (Fig. 3C) . Essentially the same distribution of activities was obtained for a number ofchromatofocusing experiments performed with leaves harvested over a 4-month period. The same forms of catalase were also present in a partially purified preparation of tobacco leaf extract (data not shown), again indicating that these catalases were stable and not interconverted in vitro. tabacum leaves containing 5574 units ofcatalase activity was prepared and applied to a chromatofocusing column. The eluate fractions were combined between 20 and 30 ml, between 50 and 75 ml, and between 80 and 95 ml, and designated peaks 1, 2, and 3, respectively. B, The combined peak I fraction was rechromatofocused (starting buffer was 0.025 M ethanolamine), and the portion of the chromatogram in which activity was present is shown. C, The pooled fractions designated peaks 2 and 3 were rechromatofocused on separate columns (starting buffer was 0.025 M trisacetate, pH 8.3). The portions of the chromatograms in which activity was present are shown on the same diagram.
The profile of catalase in spinach leaves also revealed at least three distinct peaks of activity (Fig. 4A) . When fractions designated peak 1 were rechromatographed (Fig. 4B) , the shape of the resulting profile gave evidence of additional heterogeneity. Thus, catalase in freshly prepared extracts of spinach leaves exists in at least four separable forms. In contrast to spinach and tobacco, extracts from 4 d-old barley leaves showed only one peak of catalase activity (Fig. 4C) . Kendall et al. ( 15) have reported that occasionally barley enzyme preparations showed two peaks of activity on DEAE-cellulose chromatography but no further characterization has been described.
Peroxidatic Activity of Catalase from Leaves of Tobacco, Spinach, Barley, Pea, and Mammalian Liver. Total peroxidatic activity mn extracts of 2 l-d N. sylvestris seedlings grown in air was substantial (about 1 gmol ethanol to acetaldehyde min -' g9' fresh weight) although considerably lower than the catalatic activity (about 3000 Amol H202-min -'-g-' fresh weight). The distribution of catalatic and peroxidatic activities in such an extract is shown in Figure 5 . The results, plotted as percent of total activity present in each fraction, clearly show that two$of the catalase forms differ dramatically in the relative proportion of these dual activities. Peak 1 contains 65% of the total catalatic but only 15% ofthe peroxidatic activity, whereas peak 3 contains 80% of the peroxidatic and 15% of the catalatic activity. It is difficult to accurately measure the peroxidatic activity in peak 2, but given the low catalatic and the barely detectable peroxidatic activity, the ratio of the two activities appears similar to that of peak 1 Leaves of Tobacco, Barley, Pea, Spinach, and Bovine Liver Except for liver catalase, all enzyme samples were obtained from chromatofocusing columns (e.g. N. sylvestris, Fig. 2 ; N. tabacum, Fig. 3 ; spinach and barley, Fig. 4 ; pea, data not shown) concentrated on Centricon microconcentrators (Amicon Corp., Danvers, MA) when activity was low, and assayed for peroxidatic and catalatic activities as described in "Materials and Methods." The ratios of the activities, defined as ,umol acetaldehyde produced per min/gmol H202 disappeared per min x 104 for unit volume of enzyme, are given below as means ± SD.
Peroxidatic system in place of catalase was completely inactive. In addition, both catalatic and peroxidatic activities of peak 3 were inhibited 65 to 75% by 0.2 mm 3-amino-1,2,4-triazole.
The ratios of peroxidatic to catalatic activities for a number of catalases are summarized in Table I . Most of the ratios are similar but in cases where multiple forms of catalase are found (spinach, tobacco) the proteins eluting at the most acidic pH values have ratios which are 10-to 30-fold higher. In N. sylvestris these acidic proteins appear 15 to 20 d after germination (Fig.  2C ) and they constitute a significant proportion of the total catalase content in mature leaves of N. tabacum (Fig. 3A) . However, the position of elution from the chromatofocusing column does not predict the ratio; barley (Fig. 4C ) and pea (data not shown) catalases which elute as single peaks at approximately the same pH as peak 3 of the two tobacco species (Figs. 2C, 3A) have ratios similar to those of peak 1. It is important to note that concentration and storage of the enzymes did not alter the ratios appreciably. The standard deviation for peak 3 catalase (N. sylvestris) appears large in comparison to the other samples because some determinations were made on fractions which contained variable amounts of peak 2 in addition to peak 3. Thermal Stability of Catalase from N. tabacum and N. sylvestris. Catalases designated peaks 1, 2, and 3 from N. tabacum and N. sylvestris were incubated at 55C and loss of activity was recorded at time intervals up to 39 min. The results are shown in Figure 6 . For both tobacco species, peak 1 was the most stable and peak 3 the most labile. These two species did appear to differ, however, in regard to the stability of peak 2 catalase, which was almost as stable as peak 1 Figure 7 . In air-grown seedlings at this stage of development, catalase activity eluted primarily in the area previously designated as peak 1 (Fig. 2) . In contrast, the elution profile for seedlings grown in high CO2 revealed a decline in peak 1 catalase, accompanied by an increase in activity of the more acidic forms corresponding to peaks 2 and 3 (Fig. 2) . Two further determinations on other groups of seedlings produced similar results.
DISCUSSION
There is considerable evidence for the existence of multiple forms of catalase in the leaves of C3 plants, but information on developmental and environmental changes in their expression is confined largely to studies on greening cotyledons of fatty seeds and the associated transition from glyoxysomal to peroxisomal functions (6, 16 (20) . Second, attempts to show conversion of peak 1 into the more acidic forms in vitro were negative (Fig. 3, B and C) Fig. 4 ) did not exhibit activity with guaicol.
All of the plant species examined here possess a form of catalase in which peroxidatic activity is low relative to catalatic activity. In barley, studies with mutants lacking this form of catalase have shown that it is located in the peroxisomes, and is required for survival under photorespiratory conditions (15) . In spinach and tobacco, the existence of an additional form with enhanced peroxidatic activity suggests that new forms have evolved to serve different physiological functions. We measured peroxidatic activity with ethanol for convenience, but catalase is known to direct the oxidation of various organic substrates (14) . For example, catalase-dependent oxidation of formate has been VESTR FIG. 6. Thermal stability of catalase forms separated by chromatofocusing. Peaks 1, 2, and 3 represent pooled fractions as described for N. sylvestris (Fig. 2C) and N. tabacum (Fig. 3A) . Portions of each sample (about 200 units) were concentrated to 0.10 ml, added to 0.40 ml of demonstrated with spinach beet preparations (17) and in spinach peroxisomes (9) .
The decline of peak 1 catalase (low peroxidatic activity) in N. sylvestris under atmospheric conditions suppressing photorespiration (1% C02) suggests that its function is related to decomposition of peroxisomal H202. The increase in activity of peaks 2 and 3 under C02-enrichment implies that these forms fulfill physiological roles unrelated to photorespiration. Induction of the form with high peroxidatic activity (peak 3) by CO2 enrichment is of particular interest, since this enzyme appears to have the same properties as the peak 3 catalase that appears at later stages of development in air-grown plants. It will be of great interest to determine whether any of these catalases are located outside of the peroxisomes, and continuing efforts will be made to resolve this crucial question.
